classes coincide with differences in milling and end-use properties (reviewed in Pomeranz and Williams, 1990; Recent results have shown that mutations in genes coding for Morris and Rose, 1996). The distinction between soft puroindoline a and b (PinA and PinB ) are associated with the expresand hard classes of wheat is governed by the Hardness sion of the hard texture of wheat (Triticum aestivum L.) grain. A majority of hard wheats have a glycine-to-serine mutation in puroindo-(Ha) locus on chromosome 5DS (Mattern et al., 1973; line b (allele PinB-D1b ), or they are devoid of puroindoline a (allele Law et al., 1978) with additional modifying genes con- the PinA-D1b allele were on average 7 units harder than those with PinB-D1b (Giroux and Morris, 1997; unpublished results). Giroux et al. (2000) further showed that progeny carrying the PinA-D1b allele aver-W heat is classified into hard and soft classes on aged 4.5 units harder than progeny with PinB-D1b in the basis of the texture of the grain. These textural three hard red spring crosses segregating for PinA-D1b vs PinB-D1b. A more recent survey has found addi-
tributing to variation within classes (Symes, 1965 ; Baker, those with PinB-D1b. Grain hardness is known to affect milling and 1977); however, Baker and Sutherland (1991) and Gir- in larger amounts on the surface of water-washed starch parents were grown in a field trial with two replications at two locaof soft wheats than from hard wheats (Bettge et al., 1995;  tions. Grain hardness was measured by near-infrared reflectance Greenblatt et al., 1995; Morris et al., 1994) . Friabilin is (NIR) and the single-kernel characterization system (SKCS). Grain was milled and baked for each line. Puroindoline allele type was composed of two major polypeptides termed puroindo- and PinB are associated with the expression of hard 34% for break flour yield, 26% for NIR hardness, and 22% for SKCS texture. Giroux and Morris (1997 Morris ( , 1998 showed that harness index. Grain hardness was negatively correlated with break hard texture was completely linked to a glycine-to-serflour yield, flour yield, and mixing score and positively correlated ine mutation in puroindoline b (allele PinB-D1b), or the with flour ash. Grain hardness was not correlated with loaf volume complete absence of the puroindoline a protein (allele or crumb grain score. The PinB-D1b allele was more desirable for milling and bread baking, although superior milling and bread quality . In a survey of hard wheats, cultivars with genotypes could be selected within either class.
the PinA-D1b allele were on average 7 units harder than those with PinB-D1b (Giroux and Morris, 1997; unpublished results) . Giroux et al. (2000) further showed that progeny carrying the PinA-D1b allele aver-W heat is classified into hard and soft classes on aged 4.5 units harder than progeny with PinB-D1b in the basis of the texture of the grain. These textural three hard red spring crosses segregating for 
MATERIALS AND METHODS
to produce reduction flour and shorts. All tests were conducted on "straight-grade" flour derived from combining the break One hundred thirty-nine hard red spring wheat recombinant inbred lines were derived from the cross 'Butte 86'/ND and reduction flour streams, and expressed as flour yield as 2603. Lines were derived by single-seed-descent from F 2 to F 6 a proportion of total products. Milling score was calculated followed by a generation of seed increase to produce Nitrogen content of wheat and flour was determined on a Grain from each plot was threshed for milling and bread 0.25-g aliquot of the UDY-ground sample using the Dumas quality analyses. combustion method (model FP-428, Leco Corp., St. Joseph, Wheat samples were analyzed for moisture content MI) (AACC, 2000) , and converted to percentage protein by (Method 44-16) and test weight (Method 55-10) (AACC, multiplying by 5.7. Flour was analyzed for moisture (Method 2000) . Near-infrared reflectance (NIR) hardness , and ash (Method 08-01) 70A) (AACC, 2000) was determined from a single aliquot (AACC, 2000) . All grain and flour parameters are reported using a near-infrared reflectance spectrometer (model IA450, on a 120 g kg Ϫ1 (12%) and 140 g kg Ϫ1 (14%) moisture basis, Technicon, Hoganas, Sweden) on whole grain meal (0.5-mm respectively. Mixogram analysis was conducted using the screen) (UDY Corp., Fort Collins, CO). The Single Kernel 10-g instrument following Method 54-40A (AACC, 2000). Characterization System 4100 (SKCS) (Perten Instruments Bread was baked and scored according to Method 10-10B North America, Inc., Springfield, IL) was used to estimate (AACC, 2000) using an optimum absorption, optimum mixing, grain hardness (SKCS hardness index), kernel weight, and 90-min fermentation "straight-dough" comprised of 100 g flour kernel diameter (thickness or outer diameter) using a sample of 300 kernels from each plot.
(14% mb), 1.8 g dry active yeast, 1.5 g NaCl, 6 g sucrose, doline a was interpreted as PinB-D1b allele (the serine mutation in PinB ) and absence as PinA-D1b allele (devoid of 0.3 g malt extract (60 mg commercial malted barley flour puroindoline a). [Amylomalt, Cargill Flour Milling, Ogden, UT] per mL exAnalyses of variance combined across locations were pertract), 4 g powdered nonfat dry milk, 3 g partially hydrogeformed for each trait, where locations were considered fixed nated vegetable shortening with mono-and diglycerides and replications within locations, entries, and entry ϫ location (Crisco, Procter & Gamble, Cincinnati, OH), and 7.5 mg interaction as random effects. Heritability estimates were comascorbic acid. Crumb grain was scored on the basis of the puted on a progeny mean basis for each trait. The entry variaconsensus score of three experienced bakers using a range of tion was further partitioned by including a fixed effect for 1 (excellent) to 9 (unsatisfactory). puroindoline class and a random effect for entries within class Puroindoline allele type was determined as previously described (Giroux and Morris, 1998) . Briefly, Triton X-114 soluand associated interactions with location. The analyses were 
RESULTS AND DISCUSSION
The 139 recombinant inbred lines segregated 47 PinA-D1b: 92 PinB-D1b which deviated significantly Significant genetic variation was observed for all (P Ͻ 0.01) from the expected 1:1 ratio. Genes coding traits. Entry ϫ location interaction variances were also for puroindoline a and b proteins are tightly linked significant in all instances. However, the location ϫ on chromosome 5DS. Other reports with populations puroindoline mutation class interaction was not signifisegregating for PinA-D1b and PinB-D1b also have recant for any trait.
ported distorted segregation ratios (Giroux and Morris, The two parents could not be differentiated statisti-1997; Giroux et al., 2000) . The PinA-D1b lines exceeded cally for any of the traits except flour protein where the PinB-D1b lines by 9 NIR hardness units and 6 SKCS Butte 86 (PinA-D1b) exceeded ND 2603 (PinB-D1b) hardness units (Table 1) . This difference is in agreement (Table 1 ). There was a trend for Butte 86 to have harder kernels (81.5 vs 72.5 NIR units and 63.8 vs 61.0 SKCS with the 7 hardness unit difference Giroux (personal communication, 1999) reported from a survey of hard phenotypic expression for these indices (Tables 1 and  2 ). The PinB locus segregating in a soft ϫ hard wheat wheats. Difference in hardness between the two classes is greater than the 4.5 hardness unit difference measured cross accounted for more than 60% of the variation in kernel texture (Campbell et al., 1999) and had an effect for three hard red spring wheat crosses segregating for PinA-D1b and PinB-D1b (Giroux et al., 2000) . They larger than other marker loci for milling and cookie traits (K.G. Campbell, 2000, personal communication) . may have underestimated the hardness difference between the two alleles, since hardness was measured on
The NIR and SKCS methods of measuring grain hardness were correlated (r ϭ 0.53; P Ͻ 0.01). That is less whole grain using near-infrared-transmission. The softer textured PinB-D1b group had significantly higher flour than the r ϭ 0.87 (P Ͻ 0.01) between the two methods Morris et al. (1999) reported using 83 recombinant chroyield (674 vs 661 g kg
Ϫ1
) and break flour yield (430 vs 387 g kg Ϫ1 ), milling score (82.4 vs 80.0), and loaf volume mosome 5D substitution lines segregating for soft vs hard grain texture for 5D and r ϭ 0.81 (P Ͻ 0.01) for (995 vs 970 mL), and lower flour ash (3.90 vs 4.09 g kg Ϫ1 ) and crumb grain score (3.84 vs 4.44) than the 72 hard wheat samples (Ohm et. al., 1998) . Both methods were positively correlated (P Ͻ 0.01) with flour ash harder textured PinA-D1b group (Table 2) . These differences were consistent in both locations except for but negatively correlated ( P Ͻ 0.01) with break flour yield, flour yield, and milling score (Table 3) . NIR hardloaf volume and crumb grain score where the difference was significant (P Ͻ 0.05) at Pullman, but was not statisness was positively correlated with mixograph and bake absorption, while SKCS hardness index was not corretically different for Bozeman (0.14 and 0.13 probability levels, respectively). The proportion of variation among lated with either. Conversely, SKCS hardness index was negatively correlated with kernel weight ( P Ͻ 0.01) and entry means attributed to the difference between PinAD1b and PinB-D1b was 34% for break flour yield, 26% kernel diameter ( P Ͻ 0.05), but NIR hardness was not correlated with either. The greatest disparity between for NIR hardness, 22% for SKCS harness index, and 17% for milling score. This allelic difference explained the two methods occurred for wheat and flour protein concentration where NIR hardness was positively correless than 11% of the variation for the remaining traits, with significant genetic variation within the two classes lated ( P Ͻ 0.05) with both, but SKCS hardness index was negatively correlated (P Ͻ 0.01) with both. Wheat observed for all traits. The large effect of this allelic difference on indices of grain hardness is striking in that protein is often positively related with grain hardness within hard wheats (Giroux et al., 2000; Slaughter et both parents are hard textured, and were similar in al., 1992). The less than complete association between bread quality, but lacking puroindoline a, had significantly higher loaf volumes than the same flours reconsti-NIR and SKCS hardness index, and their different assotuted with puroindolines (80% puroindoline a and 20% ciations with some traits may reflect the differing appuroindoline b). Rheological properties of dough were proaches to quantifying grain hardness. NIR estimates altered in opposite directions by addition of puroindohardness through spectral characteristics of particle size lines. Dough strength and extensibility were reduced in distribution. SKCS hardness index results from a forcethe poor quality flour but increased when puroindolines deformation curve derived from crushing individual kerwere added to the good quality flour. Our results nels that is influenced by moisture, kernel size, and showed lower loaf volume from flours lacking puroindokernel weight (Martin et al., 1993) .
line a (PinA-D1b allele) compared to those with both NIR hardness, SKCS hardness index, and break flour puroindoline a and b (PinB-d1b allele). These findings, yield all have been used to quantify grain hardness coupled with those from Dubreil et al. (1998) suggest (Morris et al., 1999) and the three traits were highly that quantity of puroindolines and/or the ratio of puroininterrelated (Tables 3 and 4 ). The distribution of lines doline a to b may have a role in dough formation and within PinA-D1b and PinB-D1b showed similar patresultant loaf volume. terns for NIR hardness (Fig. 1) , SKCS hardness index If the PinA-D1b or PinB-D1b allele conferred an (Fig. 2) , and break flour yield (Fig. 3) . The distribution advantage for improved milling or bread quality traits, of lines within the PinB-D1b group completely overbreeders could use it as a selectable marker to improve lapped that for the PinA-D1b group. The wider range milling or baking quality. Our results showed that the observed for the PinB-D1b group was in part due to PinB-D1b allele may be more desirable because it conthe larger sample size. Extreme values within the two ferred a significant advantage over the PinA-Db1 allele groups could represent recombinant types, since we asthrough increased break flour and flour yield, milling sayed for PinA-D1b and assumed the remainder to be score, and loaf volume with lower flour ash and crumb PinB-D1b. This seems unlikely, as recombination begrain score (lower crumb grain score being desirable). tween PinA and PinB genes has not been observed in Significant genetic variability was detected within allelic other populations (Giroux and Morris, 1997) . Tranquilli classes for all traits, indicating that superior milling and et al. (1999) reported PinA and PinB were tightly linked bread quality genotypes could be selected within eiwith 0.14 centimorgans between them.
ther class. Alterations in the PinA and PinB loci had greatest influence on traits related to particle size and subsequent milling properties of the grain, namely grain hard- (Tables 1 and 2 ). These traits were Committee. highly correlated among themselves (Table 4) except that grain hardness measures were not associated with REFERENCES loaf volume or crumb grain score (Table 3 ). All were
